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(54) Mass purification method of carbon nanotubes 

(57) A mass purification method of carbon nano- 
tubes, capable of removing impurities sticking to carbon 
nanotubes. The purification method involves two wet 
purification steps and one dry purification step, which 
are performed in sequence. The first wet purification of 
crude carbon nanotubes is carried out with acid solu- 
tion. In the second wet purification step, the carbon nan- 
otubes from the first wet purification process are 
purified using an acetone and acid solution. The dry 
purification step uses a purification gas to purify the car- 
bon nanotubes from the second wet purification step. 
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Description 

RACKGROUNH OF THE INVENTION 

1, Field of the Invention 

[0001] The present invention relates to a mass puri- 
fication method of carbon nanotubes. 

2. Description of the Related Art 

[0002] Carbon nanotubes are miniature cylindrical 
structures with a diameter on the order of a few nanom- 
eters and an aspect ratio of 10 to 1000. Also, carbon 
nanotubes exhibit conductivity in arm-chair structure 
and semi-conductivity in zig-zag structure, and are 
applied as an electron emission source for field emis- 
sion devices, white light sources, lithium secondary bat- 
teries, hydrogen storage cells, transistors and cathode 
ray tubes (CRTs), or composite. Such industrial applica- 
tions of carbon nanotubes is ensured by high purity car- 
bon nanotubes. 

[0003] An arc discharge method (C.Journet et al. ( 
Nature, 388, 756 (1997) and D.S. Bethune et al., 
Nature, 363, 605 (1 993)) and a laser deposition method 
(R.E.Smally et al., Science, 273, 483 (1996)), which are 
used for the synthesis of carbon nanotubes, produce 
crude carbon nanotubes, rather than pure carbon nano- 
tubes. The crude carbon nanotubes include a variety of 
impurities, such as graphite phase or amorphous phase 
carbon lumps, carbon particles (smaller than carbon 
lumps and sticking to the surface of individual carbon 
nanotubes), or catalytic metal particles. 
[0004] A gas phase synthesis method (R.Andrews 
et al., Chem. Phys. Lett., 303, 468, 1999), which is prof- 
itable for mass synthesis of carbon nanotubes, also pro- 
duces excess catalytic metal lumps and carbon 
particles sticking to the inner and outer walls of carbon 
nanotubes. 

[0005] As for a thermal chemical vapor deposition 
(CVD) method (W.Z.Li et al., Science, 274, 1701 (1996) 
and Shinohara et al., Japanese J. of Appt. Phys., 37, 
1257 (1998)), or a plasma-enhance CVD method 
(Z.F.Ren et al., Science, 282, 1105 (1998)), production 
of carbon lumps decreases compared to use of the arc 
discharge method, laser vaporization method and gas 
phase synthesis method, which were previously men- 
tioned. However, carbon particles still adhere to the sur- 
face or side walls of carbon nanotubes. 
[0006] To remove such impurities from crude car- 
bon nanotubes, ultrasonic vibration cleaning, centrifugal 
separation, chemical precipitation, filtering and the like 
have been employed. However, these purification meth- 
ods are disadvantageous in terms of their low purifica- 
tion efficiency and low yield. 



SI 1MMARY OF THF INVENTION 

[0007] To solve the above problems, it is an objec- 
tive of the present invention to provide a method of puri- 

5 fying crude carbon nanotubes on a large scale with high 
purity and high yield, by removing a variety of impurities 
present in the crude carbon nanotubes. 
[0008] The objective of the present invention is 
achieved by a purification method including two wet 

w purification steps and one dry purification step, which 
are sequentially performed. The first wet purification 
step purifies crude carbon nanotubes with acid solution. 
The second wet purification step purifies the product of 
the first wet purification step in an acetone and acid 

15 solution by application of ultrasonic vibration. The last 
dry purification step purifies the product of the second 
wet purification step using a purification gas. 
[0009] The first wet purification step comprises 
immersing unpurified crude carbon nanotubes into the 

20 acid solution, washing the acid-treated carbon nano- 
tubes, and filtering off separated impurities. 
[0010] Preferably, the acid solution is nitric acid or 
hydrochloric acid. 

[0011] The second wet purification step comprises 
25 immersing the crude carbon nanotubes from the first 
wet purification step in the acetone and acid solution to 
which ultrasonic vibration is applied. The carbon nano- 
tubes treated with the acetone and acid solution are 
washed, and ultrasonic vibration is applied to the 
30 washed carbon nanotubes, to separate impurities stick- 
ing to the surface of the carbon nanotubes. Then, the 
impurities are filtered off. 

[001 2] Preferably, the acetone and acid solution is a 
solution containing acetone, nitric acid and hydrochloric 
35 acid, or a solution containing acetone, nitric acid and 
acetic acid. 

[0013] Preferably, the drying purification step com- 
prises supplying the purification gas into a reaction fur- 
nace of a thermal diffusion apparatus to purify the 

40 carbon nanotubes using the purification gas thermally 
decomposed in the reaction furnace. 
[0014] Preferably, the purification method further 
comprises a ramp-up step, before the purification of the 
carbon nanotubes, of raising the temperature of the 

45 reaction furnace to a purification temperature, while 
supplying an inert gas into the reaction furnace, and a 
ramp-down step, after the purification of the carbon 
nanotubes, of lowering the temperature of the reaction 
furnace while supplying an inert gas into the reaction 

so furnace to exhaust the purification gas. 

p^ipp nPSP.pilPTION OF THF DRAWINGS 

[0015] The above objective and advantages of the 
55 present invention will become more apparent by 
describing in detail a preferred embodiment thereof with 
reference to the attached drawings in which: 
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FIG. 1 is a flowchart illustrating a purification 
method of carbon nanotubes according to the 
present invention; 

FIG. 2 is a flowchart illustrating in greater detail the 

first wet etching purification step of FIG. 1 ; 

FIG. 3 is a flowchart illustrating in greater detail the 

second wet etching purification step of FIG. 1 ; 

FIG. 4 is a sectional view of a thermal diffusion 

apparatus used in the dry purification step; 

FIG. 5 is a timing chart illustrating the control of 

temperature in the dry purification step; and 

FIG. 6 is a timing chart illustrating the pulsing of 

gases in the dry purification step. 

DETAILED DESCRIPTION OF THE INVENTION 

[0016] The present invention will now be described 
more fully with reference to the accompanying draw- 
ings, in which preferred embodiments of the invention 
are shown. This invention may, however, be embodied 
in many different forms and should not be construed as 
being limited to the embodiments set forth herein. 
Rather, these embodiments are provided so that this 
disclosure will be thorough and complete, and will fully 
convey the concept of the invention to those skilled in 
the art. In the drawings, the diffusion furnace apparatus 
is schematically illustrated for explanation. 
[0017] In a purification method of carbon nanotubes 
according to the present invention, referring to FIG. 1 , a 
first wet purification step is performed by treating unpu- 
rified crude carbon nanotubes with acid solution (step 
100). The inventive purification method can be applied 
to carbon nanotubes produced by any method, i.e., by 
an arc discharge, laser vaporization, gas phase synthe- 
sis, or plasma-enhanced chemical vapor deposition 
(CVD) method. It is preferable to apply the inventive 
purification method to carbon nanotubes produced on a 
large scale by gas phase synthesis or an arc discharge 
method. This is because wet etching enables concur- 
rent removal of a large amount of impurities from a large 
amount of carbon nanotubes. On the other hand, when 
purifying vertically aligned carbon nanotubes by wet 
purification, there is a problem in that vertically align- 
ment of carbon nanotubes is easily changed and also 
vertically aligned carbon nanotubes easily separate 
from the substrate due to damage of catalytic metal par- 
ticles. However, the two synthesis methods are applied 
for the purpose of mass production, rather than for 
obtaining a vertically aligned product, and thus there is 
no problem in application of the wet purification tech- 
nique to carbon nanotubes produced by the gas phase 
synthesis and arc discharge methods. 
[0018] In particular, referring to FIG. 2, the first wet 
purification step starts from treating crude carbon nano- 
tubes with acid solution (step 110). 
[0019] As the acid solution, nitric acid solution or 
hydrochloric acid solution is used. Here, the nitric acid 
solution and the hydrochloric acid solution are 1;5Q dilu- 



tions by using water. Preferably, crude carbon nano- 
tubes are dipped into the acid solution contained in a 
purification bath for 1 to 40 hours to displace impurities, 
for example, carbon lumps, carbon particles and cata- 

5 lytic metal lumps. 

[0020] Hydrochloric acid dissociates into H + and CI" 
ions in the solution, and nitric acid dissociates into H + 
and N0 3 \ Such H + ions remove carbon lumps or car- 
bon particles, and CI* and N0 3 " remove catalytic metal 

w particles. 

[0021] Following this, the acid-treated carbon nano- 
tubes are washed with deionized water (step 112). 
Deionized water is supplied into the purification bath 
containing carbon nanotubes and acid solution, to wash 
is carbon nanotubes as it flows over them. 

[0022] Then, the washed carbon nanotubes are 
passed through a metal mesh filter having a mesh size 
of 300|im or less to filter off carbon lumps, carbon parti- 
cles, and catalyst metal lumps (step 114), which results 
20 in primarily purified carbon nanotubes. 

[0023] Next, a second wet purification step is per- 
formed by applying ultrasonic vibration to the primarily 
purified carbon nanotubes obtained from step 100, in a 
solution of acetone and acid (step 200 of FIG. 1). 
25 [0024] In particular, referring to FIG. 3, the second 
wet purification step is started from treating the prima- 
rily purified carbon nanotubes with acetone and acid 
solution by application of ultrasonic vibration (step 210). 
[0025] Preferably, the acetone and acid solution 
30 contains acetone (50%), nitric acid (30%) and hydro- 
chloric acid (20%) in a ratio of 1:1 :1 by volume, or ace- 
tone (50%), nitric acid (20%) and acetic acid (30%) in a 
ratio of 1:1:1 by volume. Preferably, the primarily puri- 
fied carbon nanotubes are immersed into the acetone 
35 and acid solution contained in a purification bath and 
ultrasonic wave vibration is applied for 1 to 4 hours. The 
second wet purification step, which is refined purifica- 
tion by ultrasonic vibration, displaces carbon lumps, car- 
bon particles and catalytic metal lumps remaining after 
40 the first wet purification. 

[0026] Following this, acetone and deionized water 
are supplied into the purification bath containing carbon 
nanotubes and the acetone and acid solution, to wash 
the carbon nanotubes from step 210 by flowing over 
45 them (step 212). 

[0027] The resultant carbon nanotubes from step 
212 are placed into a ultrasonic cleaning apparatus con- 
taining acetone, and ultrasonic vibration is applied to 
the cleaning apparatus, which enables separation of 
50 carbon lumps, carbon particles and catalytic metal 
lumps sticking to carbon nanotubes (step 214). 
[0028] Next, the resultant from step 214 is passed 
through a metal mesh filter suitable for filtering off car- 
bon lumps, carbon particles and catalytic metal lumps 
55 on the order of a few micrometers or less (step 216), so 
that the second wet purification step is completed, pro- 
ducing secondarily purified carbon nanotubes. 
[0029] Following this, a dry purification step is car- 
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ried out with respect to carbon nanotubes purified 
through the two wet purification processes to give fully 
pure carbon nanotubes (step 300 of FIG. 1). 
[0030] The dry purification step will be described 
with reference to FIGS. 4 through 6. FIG. 4 is a sectional 
view of a thermal diffusion apparatus used in the dry 
purification process, and FIGS. 5 and 6 are timing 
charts illustrating the control of temperature and the 
pulsing of gases in the dry purification process. 
[0031] Purified carbon nanotubes 410, which expe- 
rienced the first and second wet purification steps, are 
put on a boat 420. Then, the temperature of a reaction 
furnace 400 is raised up to a purification temperature T, 
preferably, to a temperature T of 500 to 800°C, as 
shown in FIG. 5, by a resistance heater 430 mounted 
around the outer wall of the reaction furnace 400 (ramp- 
up step). Preferably, the boat 420 holding the carbon 
nanotubes 410 is loaded into the reaction furnace 400 
when the temperature of the reaction furnace 400 is 
400°C or less. 

[0032] During the ramp-up step, after the loading of 
the boat 420, an inert gas, for example, argon gas, is 
supplied into the reaction furnace 400 through a gas 
inlet 440 at a flow rate of about 200 to 500 scorn, as 
shown in FIG. 6. 

[0033] When the temperature of the reaction fur- 
nace 400 reaches the purification temperature T, the 
supply of inert gas is cut off and a purification gas is 
supplied into the reaction furnace 400 at a flow rate of 
40 to 400 seem for about 10 to 60 minutes to purify car- 
bon nanotubes. The purification gas may be a first puri- 
fication gas selected from ammonia gas, hydrogen gas, 
oxygen gas and a mixture gas of these gases, or a sec- 
ond purification gas which may be an acid gas. The acid 
gas, which is used as the second purification gas, may 
be hydrochloric acid gas, nitric acid gas, acetic acid gas 
or a mixture gas of these gases. 
[0034] If the first purification gas is used, the first 
purification gas is supplied into the reaction furnace 400 
at a flow rate of 40 to 200 seem for 10 to 30 minutes, 
while the temperature of the reaction furnace 400 is 
maintained at 500 to 650°C. If the second purification 
gas is used, the second purification gas is supplied into 
the reaction furnace 400 at a flow rate of 100 to 400 
seem for 30 to 60 minutes, while the temperature of the 
reaction furnace 400 is maintained at 500 to 800°C. 
[0035] H + ions produced by thermal decomposition 
of the first purification gas (ammonia gas or hydrogen 
gas) or the second purification gas (nitric acid, hydro- 
chloric acid or acetic acid) easily remove carbon lumps 
or carbon particles. Also, CI" ions or NO 3 * ions, which 
are products of thermal decomposition of the second 
purification gas (hydrochloric acid or nitric acid), are 
effective in displacing catalytic metal lumps. O 2 * ions 
generated by thermal decomposition of oxygen gas, 
which can also be used as the first purification gas, burn 
and remove carbon lumps and carbon particles. 
[0036] After the purification reaction is completed, 



the supply of purification gas is cut off, the temperature 
of the reaction furnace 400 is lowered, as shown in FIG. 
5, while supplying an inert gas such as argon gas at a 
flow rate of about 200 to 500 seem, as shown in FIG. 6, 

5 to exhaust the remaining purification gas from the reac- 
tion furnace 400 through a gas outlet 450 (ramp-down 
step). When the temperature of the reaction furnace 
400 reaches 400°C or less, the boat 420 with purified 
carbon nanotubes is unloaded from the reaction fur- 

70 nace 400. 

[0037] Through the dry purification step (step 300), 
high purity carbon nanotubes, which are completely free 
from carbon particles and catalytic metal lumps, are 
obtained. 

15 [0038] The purification method of carbon nano- 
tubes according to the present invention has excellent 
purifying capability, and can effectively and completely 
remove byproducts from the synthesis of carbon nano- 
tubes, such as carbon lumps, carbon particles and cat- 

20 alytic metal particles. Thus,, superior carbon nanotubes 
with high purity can be obtained. A purification bath and 
a thermal diffusion furnace apparatus used in the inven- 
tive purification method have a capacity to process a 
large amount of carbon nanotubes in a batch at one 

25 time, and thus purification efficiency is improved. 

[0039] While this invention has been particularly 
shown and described with reference to preferred 
embodiments thereof, it will be understood by those 
skilled in the art that various changes in form and details 

30 may be made thereto without departing from the spirit 
and scope of the invention as defined by the appended 
claims. 

Claims 

35 

1. A method of purifying carbon nanotubes compris- 
ing: 

a first wet purification step of purifying crude 
40 carbon nanotubes with an acid solution; 

a second wet purification step of purifying the 
product of the first wet purification step using 
an acetone and acid solution whilst applying 
ultrasonic vibration; and 
45 a dry purification step of purifying the product 

of the second wet purification step using a puri- 
fication gas. 

2. A method as claimed in claim 1 wherein the first wet 
so purification step comprises: 

immersing the crude carbon nanotubes in the 
acid solution; 

washing the carbon nanotubes treated with the 
55 acid solution; and 

filtering off impurities separated from the car- 
bon nanotubes. 
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3. A method as claimed in claim 2 wherein the acid 
solution is nitric acid aqueous solution or hydrochlo- 
ric acid aqueous solution. 

4. A method as claimed in any preceding claim 5 
wherein the second wet purification step com- 
prises: 

immersing the crude carbon nanotubes from 
the first wet purification step in the acetone and 10 
acid solution to which ultrasonic vibration is 
applied; 

washing the carbon nanotubes treated with the 
acetone and acid solution; 

applying ultrasonic vibration to the washed car- 15 
bon nanotubes to separate impurities sticking 
to the surface of the carbon nanotubes; and 
filtering off the impurities. 

5. A method as claimed in claim 4 wherein the ace- 20 
tone and acid solution is a solution containing ace- 
tone, nitric acid and hydrochloric acid, or a solution 
containing acetone, nitric acid and acetic acid. 

6. A method as claimed in any preceding claim 25 
wherein the drying purification step comprises sup- 
plying the purification gas into a reaction furnace of 

a thermal diffusion apparatus to purify the carbon 
nanotubes using the purification gas thermally 
decomposed in the reaction furnace. 



30 



7. A method as claimed in claim 6 further comprising: 

a ramp-up step, before the purification of the 
carbon nanotubes, of raising the temperature 35 
of the reaction furnace to a purification temper- 
ature whilst supplying an inert gas into the 
reaction furnace; and 

a ramp-down step, after the purification of the 
carbon nanotubes, of lowering the temperature 40 
of the reaction furnace while supplying an inert 
gas into the reaction furnace to exhaust the 
purification gas. 

8. A method as claimed in claim 6 wherein the purifi- 45 
cation gas is a first purification gas selected from 

the group consisting of ammonia gas, hydrogen 
gas, oxygen gas and a mixture of these gases, or a 
second purification gas selected from the group 
consisting of hydrochloric acid gas, nitric acid gas, so 
acetic acid gas and a mixture of these gases. 
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FIG. 6 



PURIFICATION 
GAS 



INERT 
GAS 



OFF 




OFF 




OFF 




- TIME 



RAMP-UP KEEPING AT RAMP-DOWN 
PURIFICATION 
TEMPERATURE 



9 



EP 1 061 040 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 00 30 4950 



DOCUMENTS CONSIDERED TO BE RELEVANT 




Category 


Citation ol document with indication, where appropriate, 
of relevant passages 


Relevant 
to claim 


CLASSIFICATION OF THE 
APPLICATION (lnt.CI.7) 


P A 


ZIMMERMAN, JOHN I. ET AL: "Gas-Phase 
Purification of Single-Wall Carbon 
Nanotubes" 

CHEM. HATER. (2000), 12(5), 1361-1366 , 

2000, XP000946235 
* the whole document * 


1,6-8 


C01B31/02 


A 


DUJARDIN E ET AL: "PURIFICATION OF 

SINGLE-SHELL NANOTUBES" 

ADVANCED MATERIALS, DE.VCH 

VERLAGSGESELLSCHAFT , WEINHEIM. 

vol. 10, no. 8, 2 June 1998 (1998-06-02), 

pages 611-613, XP000766730 

ISSN: 0935-9648 

* pages 612,613 "Experimental" » 


1 




A 


COLOHER J -F ET AL: "PURIFICATION OF 
CATALYTICALLY PRODUCED MULTI-WALL 
NANOTUBES" 

JOURNAL OF THE CHEMICAL SOCIETY. FARADAY 
TRANSACTIONS, GB, ROYAL SOCIETY OF 
CHEMISTRY, CAMBRIDGE, 
vol . 94, no. 24, 

21 December 1998 (1998-12-21). pages 
3753-3758, XP000799754 
ISSN: 0956-5000 

* page 3755, "Oxidation by potassium 
permanganate in acidic solution" * 


1 








TECHNICAL FIELDS 
SEARCHED (InLCI.?) 






C01B 


A 


US 5 698 175 A (EBBESEN THOMAS ET AL) 
16 December 1997 (1997-12-16) 

* claims 1,2 * 

* example 1 * 

-/-- 


1 






The present search report has been drawn up for all claims 
o. , " 1 Daw erf compuoon o» ^ 







THE HAGUE 



26 September 2000 



Rigondaud, 8 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant it taken alone 

Y : particularly relevant 11 combined with another 

document of the same category 
A : technological background 
O : nor -written disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document. Out published on. or 

after the filing date 
O : document cited in the application 
L : document cited for other reasons 

& : member ot the same patent family, corresponding 
document 



10 



EP 1 061 040 A1 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 00 30 4950 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation ol document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION Of THE 
APPLICATION (IntCL 7) 



A 

A 



DATABASE CHEMABS 'Online! 
CHEMICAL ABSTRACTS SERVICE, COLUMBUS, 
OHIO, US; 

TAJI, KAZUYUKI ET AL: "Purification of 
monolayer carbon nanotubes and 
metal -containing nanocapsules" 
retrieved from STN 

Database accession no. 128:323687 CA 
XP002148442 

* abstract * 

& JP 10 120409 A (T0Y0 TANS0 CO., 
JAPAN;TAJI, KAZUYUKI) 
12 May 1998 (1998-05-12) 

DATABASE HP I 

Section Ch, Week 199437 

Derwent Publications Ltd., London, GB; 

Class E36, AN 1994-300284 

XP002148443 

& JP 06 228824 A (NEC CORP), 
16 August 1994 (1994-08-16) 

* abstract * 



TECHNICAL FIELDS 
SEARCHED (Int.Ct-n 



US 5 641 466 A (EBBESEN THOMAS 
24 June 1997 (1997-06-24) 



ET AL) 



EBBESEN THOMAS W:: "Production and 
purification of carbon nanotubes" 
1997 , CRC , BOCA RATON XP002148445 
* page 154 - page 159 * 



The present search report has been drawn up (or all claims 



THE HAGUE 



0*(« of completion of tfw 

26 September 2000 



£xam«w 



Rigondaud, B 



CATEGORY OF C»TEO DOCUMENTS 

X : particularly relevant It taken alone 

Y : particularly relevant H combined with another 

document of the same category 
A : technological background 
O : non-wit Ken disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
E : earlier patent document, but pubiisheo on. or 

after the filing date 
D : document cited in the application 
L : document cited lor other reasons 

A : member of the same patent family, corresponding 
document 



11 



EP 1 061 040 A1 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 00 30 49B0 



This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search repon. 
The members are as contained in the European Patent Office EDP file on 

The Office i» in noway liable tor these particulars which are merer/ given tor the purpose of .nformauon. 

26-09-2000 



Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 


US 5698175 


A 


16-12-1997 


jp 
jp 


2595903 
8012310 


B 
A 


02-04-1997 
16-01-1996 


JP 10120409 


A 


12-05-1998 


NONE 








JP 6228824 


A 


16-08-1994 


JP 


2522469 


B 


07-08-1996 


US 5641466 


A 


24-06-1997 


JP 
JP 


2616699 
7048110 


8 
A 


04-06-1997 
21-02-1995 



§ For more details about this annex : see Official Journal of the European Patent Office, No. 12/82 



12 



